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Abstract

As an effort to improve the chiral recognition efficiency of a previously reported chiral stationary phase (CSP) based on
(+)-(18-Crown-6)-2,3,11,12-tetracarboxylic acid, a new CSP was prepared by simply replacing the amide N—H hydrogens
of the tethering groups of the old CSP with methyl groups. The new CSP was superior to the old one in the resolution of
racemic primary amines. However, in the resolutioredmino acids and amino alcohols, the new and the old CSPs were
complementary with each other. The elution orders on the new CSP were sometimes opposite to those on the old one.
Consequently, the chiral recognition mechanism on the new CSP was presumed to be different from that on the old one. The
chiral recognition behavior of the new CSP were investigated with four selected analytes and found to be dependent to some
extent on the content of organic and acidic modifiers in aqueous mobile phase and the column temperature.

0 2002 Elsevier Science B.V. All rights reserved.

Keywords.: Chiral stationary phase, LC; Enantiomer separation)-(18-Crown-6)-2,3,11,12-tetracarboxylic acid

1. Introduction diphenyl-1,1-binaphthyl)-20-crown-6  dynamically
coated on octadecyl silica gel have been developed
Two types of chiral crown ethers immobilized on as CSPs for the resolution racemic compounds
solid support have been most widely utilized as containing a primary amino group by Cram [1,2] and
chiral stationary phases (CSPs) for the liquid chro- Shinbo [3,4]. One of them has been commercialized
matographic resolution of racemic compounds con- as the CROWNPAK CR (Daicel Chemical Indus-
taining a primary amino group. tries) for the chromatographic resolution of racemic
The first type is the one related to J-Hinaphthyl- compounds containing a primary amino group [5-8].
based chiral crown ethers. For example, optically Recently, optically active '-dBenyl-1,1-
active bis-(1,1-binaphthyl)-22-crown-6 covalently binaphtyl)-20-crown-6 covalently bonded to silica

bonded on silica gel or optically active (3;3 gel was also developed as a new CSP in our
laboratory and successfully applied to the resolution
of various racemica-amino acids, amines, amino
*Corresponding author. Tel+82-51-516-7421. alcohols and related primary amino compounds
E-mail address: mhhyun@pusan.ac.KiM.H. Hyun). [9,10].
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Another type of chiral crown ether successfully bacterials [13,16,17] and even racemic secondary
used as a chiral selector is+}-(18-crown-6)- amines includin@-blockers [18].
2,3,11,12-tetracarboxylic acidl, (Fig. la), which As an effort to improve the chiral recognition
was fist developed by Lehn and co-workers [11]. For efficiency of @SWRe noted the possibility of the
example, Machida and co-workers developed a CSP intramolecular hydrogen bonds between N—H hydro-
by bonding (+)-(18-crown-6)-2,3,11,12-tetracarbox- gens of the two connecting amide tethers of the CSP
ylic acid, 1, to silica gel [12]. While the CSP and the ether oxygens of the crown ether ring as
developed by Machida and co-workers shows certain shown in Fig. 1c from previous studies [19,20]. The
structural ambiguity, we prepared a structurally well two hydrogen bonds shown in Fig. 1c are expected
defined CSP2 (Fig. 1b) by bonding {)-(18-crown- to hinder the complex formation between the crown
6)-2,3,11,12-tetracarboxylic acid]l, to 3-amino- ether ring and the ammonium ion (R—-NH ). Conse-
propylsilica gel via a simple two step procedure qguently, removal of the two hydrogen bonds shown
[13,14]. CSP2 was excellent in resolvinge-amino in Fig. 1c might improve the chiral recognition
acids and their derivatives [14], racemic amines and ability of the CSP. Based on this rationale, in this
amino alcohols [15], racemic fluoroquinolone anti- study, we preparedTER). 1d) and applied it to
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Fig. 1. (a) Structure of{)-(18-Crown-6)-2,3,11,12-tetracarboxylic add(b) Structure of CSR. (c) Two intramolecular hydrogen bonds
between the amide N—H hydrogen of the two connecting tethers of Z&Rl the ether oxygens of the crown ether moiety of the CSP.
These two intramolecular hydrogen bonds are expected to hinder the complex formation of the protonated analytés (R—NH ) with the
crown ether ring. (d) Structure of CSR
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the resolution of various-amino acids, amines and
amino alcohols containing a primary amino group.

2. Experimental
2.1. Preparation of CSP 3 and column packing

CSP 3 was prepared by bonding+()-(18-crown-
6)-2,3,11,12-tetracarboxylic acidl to 3-(N-
methylamino)propy! silica gel via the same pro-
cedure as that for the preparation of C3M14]
using 2,6-lutidine instead of triethylamine. R-(
Methylamino)propylsilica gel used in this study was
prepared as following. A 250-ml two-neck flask
equipped with a Dean-Stark trap, a condenser and a
magnetic stirring bar was charged with silica gel (7
g, Kromasil 5pum, 100 A, 340 mi /g) and toluene
(150 ml). The heterogeneous mixture was heated to
reflux until the azeotropic removal of water was
complete and then 3IN¢methylamino)propyl-
trimethoxysilane (7 ml, Lankaster, 95%) was added.
The whole mixture was heated to reflux for 72 h.
The modified silica gel was filtered, washed succes-
sively with methanol, ethyl acetate, methylene chlo-
ride, hexane and diethyl ether and then dried under
high vacuum.

Based on the elemental analysis of N8-(
methylamino)propylsilica gel and CS3 the surface
concentration of the chiral selector calculated accord-
ing to the equation reported previously [21] was 0.60
pmol/m’.

CSP3 thus prepared was slurried in methanol and
packed into a 1584.6 mm stainless steel HPLC
column by using a conventional slurry packing
method with an Alltech slurry packer.

2.2. Chromatography

Chromatography was performed with an HPLC
system consisting of a Waters model 515 HPLC
pump, a Rheodyne model 7725i injector with a20-
sample loop, a Waters 2487 UV DumlAbsorbance
Detector and a YoungLin Autochro Data Module
(Software: YoungLin Autochro-WIN 2.0 plus). The
temperature of the chiral column was controlled by
using a JEIO TECH VTRC-620 Circulator (Seoul,
Korea).
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Analytes used in this study were available from

previous studies [14,15] or purchased from Aldrich.
Injection samples were prepared by dissolving ana-
lytes in methanol at a concentration of 1.0 mg/ml
and an injection size of 3ul was typically used.
Elution orders were determined by injecting configu-
rationally known samples available from Aldrich.

3. Results and discussion

CSP 3 was applied in resolving various-amino
acids4, aminesb and amino alcohol§, all of which
contain a primary amino group. The chromatograph-
ic resolution results are summarized in Tables 1-3
and the typical chromatograms are presented in Fig.
2. For the purpose of comparison, the resolution data
on C@Fare included in Tables 1-3. Most data on
@Skere quoted from previous studies [14,15]
and some other data, which were not reported
previously, were newly obtained in this study. All
resolution results on3C8&MPnmarized in Tables
1-3 were obtained under an identical resolution
condition by using a mixed solvent of methanol—
water (50:50, v/v) containing sulfuric acidM30 m
&iC20rhe elution orders shown in Tables 1-3
were determined by injecting configurationally
known samples.
Comparison of the resolution results on GSP
which are summarized in Tables 1-3, with those on
C&RBhows somewhat interesting results. Even
though all a-amino acids tested were resolved
reasonably well on3C&&ept for proline, which
does not contain a primary amino group,3dSP
generally worse than 3P the resolution of
a-amino acids4 as shown in Table 1. However, in
the resolution of arginine, aspartic acid, cysteine,
histidine, isoleucine, serine and threonine, C5R
better than CSR. Especially, aspartic acid, cysteine
and isoleucine are resolved quite well with reason-
able separation factors on3G@Hle these are
resolved with only marginal separation factors on
CSR. To the contrary, in the resolution of racemic
amirgsCSP 3 is always superior to CSR in
terms of the separatiah gnd resolution Rg)
factors as shown in Table 2. In the resolution of
amino alcom®)I<CSP 3 is not always better than
CSR2 as shown in Table 3. In the resolution of some
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Table 1
Comparison of the resolution ef-amino acids on CSR and CSP3*

Amino acids CSR2 CSP3

k, a Rg K, a Rg

4a Alanine 1.37 () 1.28 1.33 2.24\) 1.23 1.13
4b Arginine 1.46 () 1.48 1.91 3.24) 1.43 2.58
4c Asparagine 1.314 1.10 0.63 1.424) 1.06 0.39
4d Aspartic acid 1.514) 1.22 1.25 2.164) 1.38 2.57
e Cysteine 1.324) 1.10 0.30 2.46 1) 1.21 1.62
4f Glutamic acid 1.304) 1.44 1.78 3.41y) 1.20 1.40
49 Glutamine 1.311) 1.32 1.72 2.31y) 1.25 1.59
4h Histidine 2.28 () 1.48 1.33 3.394) 1.40 3.03
4 Isoleucine 0.47 ) 1.19 0.75 0.88K) 1.55 3.06
4 Leucine 0.73 ) 1.32 1.42 2.154) 1.10 0.62
4k Methionine 1.27 () 1.39 2.06 3.154) 1.12 0.75
4 Phenylalanine 0.88L) 1.48 231 2.231) 1.19 1.53
am Phenylglycine 2.074 2.25 6.46 8.951( 1.49 4.39
4an Proline 0.12 1.00 0.14 1.00
40 Serine 1.94 ) 1.52 1.63 1.86k) 2.58 6.99
4p Threonine 0.24d) 1.42 1.30 0.41d) 1.78 3.43
4q Tryptophan 0.924 1.44 2.15 2.831) 1.16 1.37
4r Tyrosine 0.84 ) 1.44 2.00 2.45) 1.16 145
4s Valine 0.40 () 1.31 1.14 1.991) 1.21 1.14
4t 2-Aminobutanoic acid 0.72 1.34 2.06 151 1.23 1.54
4u 2-Aminopetanoic acid (norvaline) 0.73 1.36 1.89 1.78 1.13 0.92
4v 2-Aminohenenoic acid (norleucine) 0.70 1.34 1.67 1.99 1.11 0.80

 All data on CSP2 were quoted from Ref. [14]. Chromatographic conditions on G%ife as following. Mobile phase, 50% methanol in
water + sulfuric acid (10 nM). Flow-rate, 0.5 ml/min. Detection, 210 nm UV. Temperature;@0k,, Retention factor of the first eluted
enantiomer. In the parenthesis, the absolute configuration of the first eluted enantiomer is prese®¢paration factorRg, Resolution
factor.

amino alcohols c, 6d, 6e, 6g), CSP3 is better than orders only for the resolution of threonine on @SP

CSP 2. However, in the resolution of other amino are reversed as shown in Table 1. In the resolution of

alcohols @a, 6b, 6f), CSP2 is better than CSB. a-phenylethylamine Ja), B-phenylpropylamine Fe)

Especially, amino alcohda is not resolved at all on and-(4-methylphenyl)ethylamine5¢) on CSP 3,

CSP 3, but resolved with reasonable separatia (  the elution orders are reversed compared to those on

and resolution factorRg) on CSP2. Amino alcohols CSR2 as shown in Table 2. In addition, the elution

6¢c, 6d and 6e are not resolved at all on CSE, but orders for the resolution of amino alcoh6éls and 6f

resolved on CSB. From the results shown in Table on CSRire reversed compared to those on CSP

1-3, it is concluded that CSR and CSP3 are as shown in Table 3. From these results concerning

complementary with each other in the resolution of the elution orders, the chiral recognition mechanism

a-amino acids4 and amino alcohol§. However, in on CSRK3 might be presumed to be different from

the resolution of racemic primary aminBsCSP3 is that on CSR2. However, which factor is responsible

always superior to CSP and consequently, CSPis for the different chiral recognition mechanism on the

much more useful than CSPand can be solely used two CSPs is not clear yet.

without complementary use of CSP In order to see the effect of mobile phase modi-
Another interesting results to note on the two fiers on the resolution behavior of ILSke

CSPs are the elution orders. The elution orders for selected four analytes, which were resolved well on

the resolution of isoleucine, serine and threonine on CS8P including serine 40), «-(4-methyl-

CSP 3 are reversed compared to those for the phenyl)ethylamibg), (1-aminoindan %h) and
resolution of other amino acids while the elution phenylglyciréil)(and resolved them on CSPby
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Table 2
Comparison of the resolution of racemic amines on @3#hd CSP3*
CSP2 CSP3
o k o Rs ki o Rs

245@R) 110 0.80 639(S) 149 391

wn

<
9 E.
@
z w

-

5b i NH, 1.90(S) 128 257 8.62(S) 1.84 565
S¢ | NH, 1.38 184 523 7.05 256 853
NH, 2.86 .11 1.05 9.11 134 246

n
(="

Se GJVNHZ 1.40(S) 1.11 1.02 695(@R) 1.12 1.05

st C NH; 0.42 122 082 7.88 126 231

5g NH, 041 (R) 111 038 593(S) 141 355
O

5h NH, 116 (R) 1.55 3.27 232(R) 292 10.53
e

5i NHy 0.51 138 1.09 0.95 2,53 8.00
CO

5§ NH, 0.49 1.67  1.92 0.99 3.08 876
TO

5k NH, 0.51 139 1.69 0.94 294  8.06

I
s
(@]
%_

®All data on CSP2 were quoted from Ref. [15] except for the underlined data. Underlined data were newly obtained. Chromatographic
conditions are as following. Mobile phase, 50% methanol in watewulfuric acid (10 ). Flow-rate, 0.5 ml/min. Detection, 210 nm UV.
Temperature, 26C. k;, Retention factor of the first eluted enantiomer. In the parenthesis, the absolute configuration of the first eluted
enantiomer is presented, Separation factorRg, Resolution factor.

varying the type and content of organic and acidic acidic modifier in agueous mobile phase. As the

modifiers in aqueous mobile phase. The chromato- content of organic modifier (methanol) in aqueous

graphic results are summarized in Table 4. mobile phase increases, the retention fagtors (
As shown in Table 4, the retention factors, X increase quite a lot (see entries a—c in Table 4).

depend very much on the content of the organic and These trends are exactly consistent with those of
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Table 3
Comparison of the resolution of racemic amino alcohols on @%®Rd CSP3®
CSP2 CSP3
Amino alcohols ky o Rs ky o Rg
6a OH 1.10 1.40 1.52 9.47 1.00
6b NH, 1.44 (S) 1.35 2.18 3.84 (R) 1.31 2.93
@)\/OH
6¢ OH 0.21 1.00 236(1R2S) 1.19 1.96
/ NH,
g
6d oH 0.18 1.00 1.69 (S) 1.42 3.46
NH,
6e NH, 0.11 1.00 0.90 (1S,2R) 1.09  0.62

of 1.98 (1R,2S) 1.78 0.80 294 (1S,2R) 1.12  1.32

6g HO; iNHz 0.29 (1S.2R) 1.53 148 447 (1S,2R) 229 7.67

2 All data on CSP2 were quoted from Ref. [15] except for the underlined data. Underlined data were newly obtained. Chromatographic
conditions are as following. Mobile phase, 50% methanol in watewulfuric acid (10 ). Flow-rate, 0.5 ml/min. Detection, 210 nm UV.
Temperature, 26C. k;, Retention factor of the first eluted enantiomer. In the parenthesis, the absolute configuration of the first eluted
enantiomer is presented, Separation factorRg, Resolution factor.

CSP2 reported previously [14,15,22]. As the content in Table 4) shows that methanol is more useful than
of organic modifier increases, the aqueous mobile acetonitrile in terms of resolution factoRJ).

phase becomes less polar and more hydrophobic. In  The acidic modifier added to mobile phase has
this instance, the hydrophilic interaction between been known to protonate the primary amino group of
polar-protonated analytes and the mobile phase analytes and facilitate the complexation of the re-
decreases and consequently, the retention is expectedsulting ammonium ion (R—NE ) inside the cavity of
to increase as the organic content in the aqueouschiral crown ether moiety [23]. The effect of acidic
mobile phase increases. However, the trends of the modifier in mobile phase on the enantioselectivity
separation ¢) and resolution Rg) factors with the exerted by CSB was investigated with the variation
variation of the content of organic modifier in of the type and content of an acidic modifier in
aqueous mobile phase were not significant. Instead agueous mobile phase at a constant concentration of
of methanol, acetonitrile was also tried as an organic organic modifier, methanol (50%) at 20. The
modifier. Comparison of the two organic modifiers at chromatographic results are included in Table 4 (see
the constant resolution condition (see entries j and k entries b, d—j). First of all, a comparison of the
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Fig. 2. Typical chromatograms for the resolution of (a) sedog(b) 1-aminoindarbh and (c) 2-amino-1,2-diphenylethangy on CSP3.
Mobile phase, 50% methanol in water sulfuric acid (10 nM). Flow-rate, 0.5 ml/min. Detection, 210 nm UV. Temperature; Q0

resolution results obtained with the use of sulfuric mechanism seems to be variable with the type of
acid (entry b), acetic acid (entry d) and perchloric acidic modifier, but the rationalization for the re-
acid (entry j) of identical concentration demonstrates versed elution orders might need further study.

that sulfuric acid and perchloric acid are equally The effect of the content of acidic modifier in
effective as an acidic modifier in terms of both the aqgueous mobile phase on the chromatographic res-
separation ¢) and resolution Rg) factors while olution behavior of CSB can be seen from the
acetic acid is relatively less effective. The most resolution data obtained with the variation of the
surprising results are the reversed elution orders for content of acidic modifier in aqueous mobile phase.
the resolution of phenylglycinolep) with the use of As shown in Table 4, as the content of sulfuric acid
acetic acid as an acidic modifier. As shown in Table increases, the retention f&gjdiar ¢he resolution

4, the R)-enantiomer of phenylglycinol 6b) is of the four-selected analytes on CSP decrease
always eluted first when sulfuric acid or perchloric continuously while the separatjoand resolution

acid is used as an acidic modifier. However, when Rg)(factors do not show significant trends (see
acetic acid is used as an acidic modifier, tI8- ( entries b and e—g). As the content of acidic modifier
enantiomer is eluted first. The chiral recognition in aqueous mobile phase increases, the ionic strength
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Table 4
Resolution of selected racemic compounds, (g, 5h and 6b) on CSP3 with the variation of the type and content of organic and acidic
modifier in aqueous mobile phdse

Mobile phase 40 59 5h 6b
K, a Rg ky « Rg Kk, o Rg Kk, a R
30% CH, OH+ H,SO, (10 nM 071R 2.76 6.67 2.989) 1.46 3.68 1.31R) 2.74 8.05 1.87R) 1.37 2.87
50% CH, OH+ H,SO, (10 M 186 R 2.58 6.99 5.93% 141 3.55 2.32R) 2.92 10.53 3.84R) 131 2.93
80% CH, OH+ H,SO, (10 nM 397R 272 453 14.599) 1.34 3.63 4.81R) 2.88 11.18 8.75R) 1.20 171
50% CH, OH+ AcOH (10 nM 167 R 2.02 411 1.079) 1.14 0.41 0.47R) 1.89 215 0.71%) 135 0.96
50% CH OH+ H,SO, (1 nM 3.01R 311 6.87 10.379) 1.46 3.95 4.06R) 2.81 9.20 7.52R) 1.25 2.32

2.88 6.20 7619 144 175  305R) 290 964 518R) 132 294
259 5.64 5149 136 333 206R) 284 1020 3228) 132 325
278 4.04 084§ 126 088  034R) 232 305 077 1.00

2.92 511 2669 146 267  106R)  2.82 656  178R) 122 146
2.83 534 3649 148 328  147R) 292 897  265R) 129 186
060R) 252 392 0929 149 287  039R)  2.94 603  068R) 125 158

50% CH, OH-+ H,S0, (20 nM

50% CH, OH+ HCIO, (1 mv
50% CH, OH + HCIO, (5 mM
50% CH, OH+ HCIO,, (10 mM
50% CH, CN+ HCIO, (10 M

x— T T KQ ™o o o oo

)
)
)
)
)
50% CH;OH+ H,S0, (51M)  2.00 R
)
)
)
)
)

*Flow-rate, 0.5 ml/min. Detection, 210 nm UV. Temperature;@0k,, Retention factor of the first eluted enantiomer. In the parenthesis,
the absolute configuration of the first eluted enantiomer is preseateSeparation factorRg, Resolution factor.

of mobile phase increases and consequently, the be quite lipophilic [24]. In this instance, the lipo-
hydration or the dissolution of polar-protonated philic interactions of the ion pair formed between
analytes by mobile phase is expected to increase. In less polar-protonated analytes and perchlorate anior
this instance, polar-protonated analytes are eluted with the CSP are expected to be an important factor
faster and faster as the content of acidic modifier for the retention of analytes and consequently, the
increases. retention factorg,) increase continuously as the
However, as the content of perchloric acid in content of perchloric acid in aqueous mobile phase
agueous mobile phase increases, the retention factors increases.
(k,) decrease continuously only for the resolution of The effect of the column temperature on the
serine @o) on CSP3 while the retention factors() enantioselectivities for the selected four analytes on
increase for the resolution ofa-(4-methyl- CSP3 is summarized in Table 5. As shown in Table
phenyl)ethylamine ¥g), l1-aminoindan %h) and 5, the retentionk() and separation o factors
phenylglycinol gb) (see entries h—j in Table 4). As increase as the column temperature decreases. How-
the content of perchloric acid in aqueous mobile ever, the trends of the resolution fa&Ridraith
phase increases, the separatiar) &nd resolution the variation of the column temperature are not
(Rg) factors do not show significant trends for the significant. At lower temperature, the formation of
resolution of serine4o), but show increasing trends the diastereomeric complexes between the individual
for the resolution ofa-(4-methylphenyl)ethylamine enantiomers of an analyte and the chiral crown ether
(59), l-aminoindan %h) and phenylglycinol §b). moiety of the CSP is expected to become more
The retention behavior of relatively more polar- favorable and this is significant with the more stable
protonated analyte, serindd), on CSB with the use diastereomeric complex. Consequently, the retention
of perchloric acid as an acidic modifier is the same k;) (and separation o factors increase as the
as that with the use of sulfuric acid as an acidic column temperature decrease.
modifier. However, the retention trends of relatively In summary, in this study, we prepared a new
less polar-protonated  analytes, a-(4-methyl- crown ether-based CSP (C3Pby simply replacing

phenyl)ethylamine ¥g), l1-aminoindan %h) and the amide N—H hydrogens of the tethering group of
phenylglycinol @b), on CSP 3 with the use of the previously reported CSP (C3Pwith methyl
perchloric acid as an acidic modifier are opposite to groups. BSWas superior to CSP2 in the
those with the use of sulfuric acid as an acidic resolution of primary amines. However2 @Se
modifier. The perchlorate anion has been known to @Skere complementary with each other in the
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Table 5
Resolution of selected racemic compounds, (5g, 5h and 6b) on CSP3 with the variation of the column temperatére
Temperature °C) 40 59 5h 6b
k, o Rg Kk, a Rg Kk, a Rg k. a Ry

20 1.86 R) 2.58 6.99 5.93%) 1.41 3.55 2.32R) 2.92 10.53 3.84R) 1.31 2.93
10 250R) 3.04 696 1054 144 336 4.02R) 312 1023 6.91R) 134 290

5 3.05R) 3.22 7.22 13.389) 1.46 3.21 4.91R) 3.24 9.09 8.76R) 1.36 2.81

*Mobile phase, 50% methanol in water sulfuric acid (10 nv). Flow-rate, 0.5 ml/min. Detection, 210 nm UK, Retention factor of
the first eluted enantiomer. In the parenthesis, the absolute configuration of the first eluted enantiomer is paeSsyadation factor,

Resolution factor.

resolution of a-amino acids and amino alcohols.
Even though the chiral crown moiety of the two

CSPs has the same absolute configuration, the elu-

tion orders on CSRB were different from those on
CSP 2 in some cases, indicating that the chiral
recognition mechanisms on the two CSPs might be
not identical. In order to see the effect of the organic
and acidic modifiers in aqueous mobile phase and the
column temperature on the enantioselectivities ex-
erted by CSP3, we selected four racemic analytes
and resolved them on CSPwith the variation of the
type and content of the organic and acidic modifiers
in agueous mobile phase and the column tempera-
ture. The chromatographic resolution results for the
four selected analytes demonstrated that chromato-
graphic parameters such as retentiky),(separation

(a) and resolutionR) factors could be controllable

to some extent.
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